Abstract
Gene loss during the formation of hexaploid bread wheat has been reported repeatedly. However, our knowledge on genome-wide analysis of the genes present on a single subgenome in bread wheat is still limited. In this study, by analysing the 'Chinese Spring' chromosome arm shotgun sequences together with high-confidence gene models, we detected 433 genes being on a single subgenome (SSGs) only. Greater gene loss was observed in A and D subgenomes compared with B subgenome. More than 79% of the orthologs for these SSGs were detected in diploid and tetraploid relatives of hexaploid wheat as well. Unexpectedly, no bias in expression breadth, or distribution patterns of GO (gene ontology) terms for these genes was detected for all of the high-confidence genes. Further, network and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses indicated that most of these D r a f t
Introduction
It is widely believed that the allohexaploid bread wheat (Triticum aestivum L.; genome AABBDD) has undergone two sequential allopolyploidization events.
First, allotetraploidization occurred between two diploid species, T. urartu (AA) and an unknown close relative of Aegilops speltoides (SS), resulting in the extant tetraploidemmer wheat (T. turgidum; AABB) (Petersen et al. 2006; Salamini et al. 2002) . Second, allohexaploidization occurred between the tetraploidemmer wheat and goat grass (A. tauschii; DD), leading to the formation of bread wheat (Petersen et al. 2006; Salamini et al. 2002) .
The formation of hexaploid wheat is a typical process of whole-genome duplication (WGD). It is reported that the duplication of genomes plays a key role during evolution. Gene gain and loss and even chromosomal rearrangements are common (De Smet et al. 2013; Ma et al. 2013; Ma et al. 2014a; Ma et al. 2015; Scannell et al. 2007; Schnable et al. 2012; Zhang 2003) . Compared to the appreciated importance of gene gain through duplication, gene loss has only recently attracted attention (De Smet et al. 2013 ).
The development of sequencing techniques greatly facilitates the generation of genome and transcriptome data from various species. By analysing these publicly-available sequence data, numerous studies have identified lost genes during the evolutionary history of a given species or across different species.
For example, the IWGSC (International Wheat Genome Sequencing Consortium) (2014) observed that lost genes during bread wheat evolution were mainly those of expanded families, which is in accordance with previous findings (Brenchley et al. 2012) . In contrast, singletons (i.e., genes without paralogous copies within the same genome) did not usually experience gene loss in polyploidization (IWGSC, 2014) . However, gene loss on each of the three subgenomes is not clear and functions of the genes that were retained to be on a single subgenome (including genes with paralogous copies within the same subgenome) during polyploidization have not been assessed.
Recently, increasing studies are focused on single-copy genes. For instance, De Smet et al. (2013) identified a large number of genes that are convergently D r a f t 4 restored to single-copy status after multiple genome-wide and smaller scale duplication events in the sequenced genomes of20 flowering plants, consistent with previous observations (Duarte et al. 2010; Paterson et al. 2006) . By analysing assembled contigs representing genes for chromosomes 7A, 7B and 7D in bread wheat, Berkman et al. (2013) 
detected 550
Brachypodium distachyon genes with orthologs present on only 2 wheat genomes and 545 B. distachyon genes with orthologs present on only a single wheat genome (i.e. either of 7A, or 7B, or 7D).
Nevertheless, to our knowledge, genome-wide analysis of the genes present on a single subgenome in bread wheat is still limited. The newly published wheat chromosome survey sequences (IWGSC, 2014) allow us to systematically analyse specific gene loss, i.e. the genes that were retained to be on a single subgenome during polyploidization. Here, we reported on genome-wide identification and characterization of genes being on a single subgenome in bread wheat by analysing the chromosome shotgun sequence and high-confidence gene models of the reference base of bread wheat, 'Chinese Spring'.
Materials and methods

Data collection
The updated gene models of 'Chinese Spring' ('CS') (version 2.2) were downloaded from the website (https://urgi.versailles.inra.fr/download/iwgsc/Gene_models/) (IWGSC, 2014) .
To accurately identify genes present on a single subgenome, only gene models (99,386; ta_IWGSC_MIPSv2.2_HighConf_REPR_CDS_2014Jul18) with a home on 'CS' chromosome arm shotgun sequences assembly (and therefore a chromosome arm assignment) and one representative per gene if there were several alternative splice variants for a given gene were retrieved in the present study. As some of these high-confidence gene models were fragmented in the assembly, they could only be partially structurally defined or were classified as gene fragments and pseudogenes (IWGSC, 2014) . Further sequencing may improve the coverage and quality of genic sequences and many of them are expected to be merged. Here, to reduce the possibility of D r a f t 5 omitting target genes (i.e. single subgenome genes) all the high-confidence gene models (99, 386) were used for the further analysis. Thus, the identified genes could be overestimated. The whole genome sequences of T. turgidum, T. monococcum, T. urartu, A. speltoides, A. tauschii, and A. sharonensis were collected from IWGSC (http://www.wheatgenome.org/) (IWGSC, 2014) .
Coding sequences (CDS) of Arabidopsis were downloaded from Phytozome (http://www.phytozome.org/).
Identification of single subgenome genes
The99,386high-confidence gene models were blasted against A-B-and Dsubgenome of 'CS' shotgun sequences using the BLAST+ blastn algorithm, respectively. To avoid missing target genes, a loose criterion: an E-value threshold of 10 -5 (this value was applied in all subsequent BLAST analyses) was used only. Comparison of the blast results identified a total of 433 genes on a single subgenome only (i.e. single subgenome genes, SSGs).As some of the genes may be fragments and the sequence assembly is not perfect, these identified genes could very likely comprise those that map on several different contigs from a same subgenome. It is also possible that a given gene model could find its paralogous copies in a given subgenome. As these genes were identified on the same subgenome, we here regard them as single subgenome genes as well. Thus, the number of SSGs could be likely overestimated.
Detection of SSGs in diploid and tetraploid wheat
To detect the presence of SSGs in the relatives of wheat, the 433 single subgenome genes were further blasted against the diploid and tetraploid relatives of wheat (T. turgidum, T. monococcum, T. urartu, A. speltoides, A. tauschii, and A. sharonensis) . As described in the previous section, the SSGs could most likely comprise their paralogous copies using the present method.
To detect possible ortholog of the SSGs, a loose criterion was adopted: a gene was regarded as absent in a given species if no hits were detected.
Thus, it is very likely to detect homology rather than orthology of the SSGs in the diploid and tetraploid relatives as well. In addition, the imperfect contigs
assembly of the diploid and tetraploid prevents accurately estimating the ortholog of the SSGs.
Functional annotation of SSGs
Function of the SSGs and the 99,386 high-confidence gene models were annotated by the Blast2GO program (version 2.7.2) (Conesa et al. 2005 ). Evalue threshold of 10 -6 was used when executing steps of 'Blast'; the default parameters for 'Annotation' were set as following: "Annotation rule cut-off: 55", "E-Value: 1.0E-6", "Hit-HSP overlap: 0", "GO weight: 5" in the Blast2GO (Moriya et al. 2007 ). The bi-directional best hit (BBH) method was used to obtain KEGG ortholog assignments.
Organism list with all the species in planta were selected.
Network analysis
The identified SSGs and gene models from each of the wheat chromosomes were compared with the A. thaliana gene sequences using BLASTN (Altschul et al. 1997) with an E-value cut-off of10e-05. The list of names for the A.
thaliana genes with top hits against the SSGs and genes on each chromosome were extracted. The names against SSGs were then loaded into STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) (Franceschini et al. 2013) to identify the representation of networked genes with parameters of 'highest confidence: 0.900 (the range of confidence score is 0-1) and custom limit: 0'. Due to the limitation of processing large number of genes in web-based tool, the protein network data (scored links between proteins) was downloaded from STRING 9.1 (http://string-db.org/) for analysing networks of genes from each chromosome. Compared with the proteins with confidence score being higher than 0.9, the genes with a link to any of other genes on a given chromosome were recorded for further analysis. 
Results
Distribution of single subgenome genes across genomes
Of the 99,386 high-confidence genes, 433 (0.4%) single subgenome genes were detected (Table S1 ). Of them, 76 were located on chromosomes belonging to the A subgenome only, 226 on B subgenome only, and 131 on D subgenome only (Table 1) .Among the seven homoeologous groups, group 3 contained most genes of these genes (142), and group 2 least (21). No significant correlation between gene amount and chromosome size for any subgenome was detected (Fig. S1 ). (Fig. 1 ). For the D-only genes, the unexpressed genes (18.32%) rank first, which was followed by those expressed in 15 conditions. When compared with the expression breadth for the whole high-confidence genes, a similar trend was observed. The genes expressed in 15 conditions rank first, followed by the unexpressed genes ( 2). The distribution pattern for the whole high-confidence genes is likely different in that the genes with the most expression in spike (28.2%) account for most, which was followed by those in root (23.6%), grain (15.3%) and leaf (13.3%) (Fig. 2 ).
Distribution patterns of GO terms between the single subgenome genes and the whole high-confidence genes Of the 433 SSGs, 248 (57%) genes were successfully annotated and mapped to one or more of the three organizing principles of GO classifications:
biological process, molecular function and cellular component (Table S1 ). In the biological process class, the most abundant groups represented were metabolic process and cellular process ranging from 25% to 29% for the A, B or D-only genes (Fig. 3 ). For molecular function, catalytic activity (48% to 53%) was the most represented GO term followed by binding (33% to 38%) for A, B, or D-only genes ( Functional relationships between the single subgenome genes
Of the 433 SSGs, only 44 were identified to be orthologous to 42 unique genes of Arabidopsis. Network analysis identified 7 genes only in a given network and the majority are not functionally related to each other (Fig. 4) . For a given chromosome, genes detected outside of networks were 2.5 times more than those within networks (Table S2 ). The numbers of genes within in networks for a given group were not significant. For example, 27%, 28%, and 26% of genes from 1A, 1B, and 1D, respectively, were identified to be involved into networks (Table S2 and Fig. S4 ).
KEGG pathway analysis assigned 43 of the 433 SSGs to KO (KEGG orthology). These 43 genes were involved in 29 pathways with most in starch and sucrose metabolism (6) followed by glycerolipid metabolism (4) ( Table 3) .
Pathway analysis again revealed that the majority of these genes are not likely functionally related.
Discussion
Taking advantage of the recently released 'Chinese Spring' chromosome arm shotgun sequences together with high-confidence gene models, we carried out a systematic assessment of the genes retained on a single subgenome. A total of 433 genes being on a single subgenome only were detected. It is noteworthy that the possible mis-annotated gene models analysed in the present study and imperfect 'CS' sequence assembly could lead to overestimation of the identified SSGs. Although a loose criterion (an E-value threshold of 10 -5 ) was adopted for detecting possible target genes, it is still possible that some potential SSGs could be missed out. This is based on the fact that even if only a small part of the query gene is aligned, this might still D r a f t 10 result in an E-value less than 10 -5 . Thus, a potential SSG could be mistaken as a homolog given that it is aligned to the other subgenome(s). Greater gene loss was observed in A and D subgenomes compared with B subgenome.
More than 79% of the orthologs for these SSGs were detected in the diploid and tetraploid relatives of hexaploid wheat. Unexpectedly, no bias in expression breadth, or distribution patterns of Go terms for these genes was detected compared with those for all of the high-confidence genes. Further, network and KEGG pathway analyses indicated that most of these SSGs were not functionally related. Interestingly, 30.7% of these SSGs are most highly expressed in root, followed by spike (22.6%) and grain (21.9%)
showing biased distribution compared to the expression patterns of the whole high-confidence genes. Together, these results improve our understanding of the loss of the genes that were kept in a single subgenome.
Most recently, the IWGSC observed that gene loss in the D subgenome appeared slightly lower than A and B subgenomes based on comparisons between hexaploid, tetraploid and diploid genomes (IWGSC, 2014) . This findings was in accordance with previous observation by Berkman et al. (2013) who detected greater gene loss in 7A and 7B genomes than 7D genome by analysing against assembled contigs representing genes for chromosomes 7A, 7B and 7D in bread wheat. In our present study, greater gene loss was observed in A and D subgenomes compared with B subgenome. The reason for this difference is probably that the analysis performed by the IWGSC was focused on all the gene loss events including those identified in this study, thus hiding the real picture of gene loss for the single subgenome genes.
Despite using strict criteria in this study, we indeed detected similar gene loss events. For example, more single subgenome genes were detected in D subgenome compared with A and B subgenomes in chromosomes 4, 6 and 7 (Table 1) . Both the results presented here and those from previous studies showed differential gene loss between A, B and D subgenomes, further supporting the proposed theories for selective gene retention and loss after polyploidization (Bekaert et al. 2011; De Smet et al. 2013 ).
The fact that a majority of the SSGs were detected in diploid and tetraploid relatives of the hexaploid wheat indicated that most of SSGs were lost during D r a f t 11 the formation of hexaploid wheat. It is widely accepted that gene loss occurred in A and B genomes following tetraploidization, with succeeding loss from all three genomes following the formation of the hexaploid wheat . It is interesting that a few of the SSGs could not detect their orthologs in diploid and tetraploid relatives. We could not rule out the possibility that it is the imperfect sequence assembly that prevents such of these SSGs not to find blast hits against assembly contigs. It is also possible that most if not all of these SSGs are likely newly created genes during polyploidization.
Numerous studies observed that genes that experienced loss during evolution were not to be a random fraction of the genome. Intriguingly, 30.7% of the SSGs are most highly expressed in root, followed by spike (22.6%) and grain (21.9%). This is different from the patterns of the whole high confidence genes (Fig. 2) . This differential distribution allows us to 
